Introduction
When we look at a drawing such as the one shown in Fig. 1(a) , we tend to interpret it as two straight lines crossing [ Fig. 1(b) ], not as, for example, a wide V-shape and a second similar V-shape upside-down in contact with each other at the midpoints [ Fig. 1(c) ]. This is an example of the principle of good continuity in the Gestalt psychology of perception; the visual system prefers "good," "continuous" forms.
If we think of Fig. 1 (a) as a pattern on a spectrogram, it could be heard as a sound consisting of sinusoidal glides. Several researchers have used this pattern of sound as stimulus (e.g., Halpern, 1977 ; Tougas and Bregman, 1990; McPherson et al., 1994) and investigated which percept was preferred, crossing [Fig. 1(b) ] or bouncing [Fig. 1(c) ]. They showed that in contrast to vision, the subjects favored the bouncing percept in audition.
Bregman suggested that this is "because the principle of frequency proximity favors the grouping of glides that stay in the same frequency region" Deutsch's scale illusion is another example regarded as being affected by the same principle, although the sounds used are discrete and dichotically presented.
In a series of experiments concerning continuity illusion where gliding tones were interrupted by a noise, Kurakata et al. (1994 Kurakata et al. ( , 1996 showed evidence that the auditory system traced the frequency change of the pre-noise glide and extrapolated the glide into the following noise. Trajectory continued to be extrapolated during the noise up to a maximum of about 120 ms. This frequency-extrapolation mechanism seems to underlie the continuity illusion with gliding tones.
As an explanation for this phenomenon, Matsui et see also Kurakata et al., 1997) proposed a two-stage model of auditory processing.
In the model they assumed that the auditory system first seeks possible trajectories in a time window of about 100ms, then the candidates are successively connected over time according to the principle of frequency proximity. If the extrapolation mechanism works also for sounds like that represented in Fig. 1(a) , and the effect is stronger than that of frequency proximity, then it would elicit a crossing percept of two glides, not a bouncing percept as reported in the previous studies. This phenomenon would be typically observed when the duration is equal to or shorter than the time window of about 100ms. To examine this hypothesis and an interaction of the extrapolation mechanism with the effect of frequency proximity the following experiment was conducted.
Experiment 2.1 Method
The stimuli consisted of two sinusoidal glides with logarithmically changing frequency. The frequency change was either in opposite directions [the oppositedirection condition ; Fig. 2 
(a)] or in the same direction
In the opposite-direction condition, a descending glide changed from 1,414 to 707Hz and an ascending glide changed from 707 to 1,414Hz. The duration of the glides was either 100, 500 or 1,000ms with rise and fall times of 20-ms cosine ramps. The two glides crossed at 1,000Hz
at the midpoints of the various durations.
In the same-direction condition, one glide (the steeper glide) changed from 2,000 to 500Hz and the other glide (the shallower glide) changed from 1,500 to 750 Hz. The duration of the glides in this condition was fixed at 1,000ms with rise and fall times of 20-ms cosine ramps.
The two glides crossed near the midpoints of their durations.
The sound pressure level of the glides was 58 dB. The presented level was adjusted using a measuring amplifier (B&K, type 2610) and an artificial ear (B&K, type 4153) with an adapter (B&K, DB 0843).
These stimuli were presented to subjects in an anat Institute for Linguistic Sciences, Kobe Shoin
Women's University presented to indicate which glide the subjects should pay attention to. The duration of the indicating tone was 1 s. After listening to each stimulus, they were required to answer whether the glide was "crossing" with the other glide or "bouncing" at the midpoint by choosing a picture. The pictures used are shown in Fig. 3 . Panels (a) and (b) were used for judging a descending glide and panels (c) and (d) for an ascending glide (the same pictures were also used for the same-direction condition, to avoid the subjects being confused by the two conditions).
They could listen to the stimuli as many times as they liked.
Eight subjects in their twenties participated in the experiment.
They all had normal hearing ability . 2.2 Results and discussion 2.2.1 Opposite-direction condition Table 1 shows the selection percentages for crossing and bouncing perceptions in both direction conditions . In the opposite-direction condition, every subject perceived the 500-and 1,000-ms glides in all trials as bouncing.
This result is consistent with those reported in the literature cited above.
On the other hand, for the 100-ms glides some perception of crossing was obtained, as Matsui's model predicts. When the subjects traced the descending glide, the perception of bouncing was still dominant (binomial test; z=3.02, p<.01), although there was no significant dominance for the ascending glide (z=.34, p>.05).
Further informal experiments
where the initial and final frequencies of the glides were not in simple ratios showed the same tendency. This indicates that the simple frequency ratio of both ends between two glides is not essential for the crossing percept.
The perception of bouncing has been explained in terms of the principle of frequency proximity. However, when the duration of glides is short enough, the effect of the frequency-extrapolation mechanism seems to overcome that of frequency proximity and elicits the perception of crossing. The duration of 100ms may seem too short for the human auditory system to track in rapid frequency change. Steiger (1980) has suggested, however, that glides could be distinguished from steady-state tones even when their durations were as short as 50ms.
proves that the measurements made by the auditory system on the slope of a glide can be completed in 50ms" (Bregman, 1990, p.113) . Although the slope of the glides in the present experiment was steeper than in Steiger's experiment, it might be possible for the subjects to judge the property of the glides.
There is one point which is still unclear from the present experiment.
That is the effect of the slope of the glides, which was not controlled. in this experiment. Since the range of frequency change was always kept at one octave, the slope of the glide became steeper as the duration was made shorter. Thus, the steepness might have favored the perception of crossing. This manipulation of the stimuli was inevitable to keep the range of frequency change constant and to avoid unnecessary effects of "energy splatter"
at the onset and offset of the glides which might have smeared the frequency components around the intersection. Further experiments will be required to evaluate the effect of the slope using another set of stimuli.
2.2.2
Same-direction condition In the same-direction condition, the perception of crossing was more dominant than that of bouncing (binomial test; z=2.57, p<.01, for steeper glide; z= 5.25, p<.01, for shallower glide). Similar results were obtained when one of the glides was flat (i.e., it did not change in frequency).
Therefore, when changes in frequency for the two glides proceed in the same direction, the effect of frequency proximity becomes weaker than that of tracing the frequency changes and a perception of crossing is obtained. Some subjects reported, based on their retrospection, that they perceived the two glides as fusing into one glide at the intersection and a new lower-pitched glide appearing, as shown in Fig. 4 . When two tones with similar frequencies are presented simultaneously, beat or relatively long temporal gaps can generally be produced by their interaction. They were also observed in the waveform of the present stimulus. These beat or gaps might have some effect on this percept, although they are not clearly audible and cannot explain completely why the two glides fuse into a higher glide.
There may be another unknown factor which determines the perception of two coexistent glides changing in the same direction.
Conclusions
These experimental results show that when two gliding tones cross each other, they can create a crossing percept, as well as the bouncing percept suggested in the previous literature. This effect could be observed when the glide durations were as short as 100ms. It seems the effect of the frequency-extrapolation mechanism is more dominant than that of frequency proximity within this short time span. Furthermore, the frequency changes of the glides were easily traced when they did not change in opposite directions, and a crossing perception could be elicited.
